Received
Among the various markers detected at a cellular level in cultured mammalian cells, drug resistance markers have been studied most extensively, because variant cells with these markers are readily selected in simple media containing the certain concentration of the drug selected for, and maintain their specific characteristics stably for long periods, with concomitant alterations in some enzymes controlled by specific genes.
Resistances to purine nucleotide analogues, such as 8-azaguanine (SAG) (Szybalski 1959; Littlefield 1963; Chu and Malling 1968) , 6-thioguanine (6TG) (Sato et al. 1972) , 2, 6-diaminopurine (DAP) (Atkins and Gartler 1968) and 6-mercaptopurine (6MP) (Shapiro et al. 1972) and to pyrimidine nucleotide analogues such as 5-bromodeoxyuridine (BUdR) (Littlefield 1963; Kit et al. 1963 ) and 5-iododeoxyuridine (IUdR) (Fox 1971) have been reported.
Previously, we reported that the colony-forming ability of Chinese hamster Don cells decreased on treatment of the cells with y-irradiated 5-iodouridine (Kuroda et al. 1975a) . We suggested that this might be due to radiation-induced cytotoxic iodine radicals (Kada 1970; Kada et al. 1970) . Variant clones isolated from the original cells after repeated treatments with irradiated 5-iodouridine were partially resistant to unirradiated 5-iodouridine and slightly resistant to irradiated 5-iodouridine (Kuroda et al. 1975b ).
In the present work a variant cell line was selected by twice treatments of BHK cells with ethyl methanesulf ovate (EMS) and then cyclic and continuous cultivation of the cells in the presence of 5-iodouridine for a long period and various properties of the variant cell line were compared with those of the original BHK cell line. The properties examined were colony-forming activity and growth rates in the presence and absence of 5-iodouridine, IUdR and BUdR, the distribution of chromosome numbers, uptake of 3H-thymidine (TdR) and cell surface properties.
The cross-resistances of the variant cell line to 5-iodouridine, IUdR and BUdR are especially remarkable.
MATERIALS AND METHODS

Cell line and medium:
The original cell line used was the BHK 21 (C-13) strain of Syrian hamster kidney cells, originally isolated by Macpherson and Stoker (1962) Colony forming activity: Cells were dissociated from monolayer cultures by treatment with trypsin-EDTA solution in CMF for 10 min at 37°C. Triplicate inocula of 103 cells in 3.6 ml of normal medium in 60-mm plastic petri dishes were incubated for 2 h at 37°C. The choice of this number of cells for inoculation was based on the preliminary finding that it provided relatively high colony-forming activity (plating efficiency) (47.9%) in the medium without drugs.
During the preincubation period for 2 h, most cells became attached to the surface of the dishes.
Then 0.4 ml volumes of media containing 5-iodouridine, IUdR or BUdR at various concentrations were added to the cultures.
After incubation for 8 to 12 days at 37°C, the cells in the petri dishes were fixed with methyl alcohol, and stained with May-Grunwald-Giemsa solution, and the numbers of colonies of the original BHK cells containing more than 50 cells were scored under a binocular microscope.
Since the variant cells grew slowly even in the control culture medium, the numbers of colonies of the variant cell line containing more than 10 cells were scored.
Colony-forming activity is expressed as the average number of colonies as a percentage of the number of cells inoculated initially.
The effects of 5-iodouridine, IUdR and BUdR on colony formation are expressed as fractions (surviving fractions) of the colony-forming activity of control cultures incubated in normal medium.
Cell growth : The effect of 5-iodouridine on cell growth was examined as follows. Duplicate inocula of 4 x 104 cells in 35-mm plastic petri dishes in medium with and without 10-2 M 5-iodouridine were incubated at 37°C under 5% CO2 and 95% air. After 0, 24, 48 and 72 h of incubation the cultures were treated with trypsin-EDTA and harvested and the total numbers of cells per dish were determined in a hemocytometer.
To examine the effects of radiation-induced cytotoxic iodine radicals on cell growth, duplicate inocula of 4 x 104 cells were incubated in 35-mm petri dishes in normal medium at 37°C for 24 h. Then the cells were washed with glucose-free Tyrode's solution (GFT solution, pH 5.4) , and incubated at room temperature in GFT solution containing 3 X 10-3 M 5-iodouridine, previously irradiated or not irradiated with 104 rads of r-rays. After incubation for 20 min the solution was removed, and the cells were incubated in fresh medium at 37°C for 1, 2, 3 and 6 days. Then the total numbers of cells per dish were counted.
Chromosome numbers:
The distribution of chromosome numbers in each cell line was examined in actively dividing metaphase cells in the exponential growth phase. For this, the monolayers obtained a few days after inoculation were treated with a solution of 0.5 pg/ml of colchicine (Wako Pure Chemical Industries, Osaka) for 1 h, and then chromosome preparations were made by the standard procedure consisting of treatment with distilled water, fixation in a mixture of methyl alcohol and acetic acid, air-drying and staining with Giemsa solution.
Uptake of 3H TdR: Triplicate inocula of 105 cells from each cell line were incubated at 37°C in normal medium for 2 days, and in medium containing 3H-TdR (5 Ci/m mole, Daiichi Pure Chemicals Co., Ltd., Tokyo) at a concentration of 0.1 iCi/ml for 2 h. The cells were washed with cold CMF solution and removed from the dishes by treatment with trypsin-EDTA solution in CMF and the numbers of cells were determined. Then the cells were washed twice with CMF, suspended in 5% cold TCA and placed on glass filter discs. The discs were washed repeatedly with 5% cold TCA and dried at room temperature, and the radioactivity was counted in a liquid scintillation counter (Beckmann, LS-230) in 5 ml of toluene containing 5 g/1 PPO (Nakarai Chemicals, Ltd., Kyoto).
The uptake of 3H-TdR into cells was expressed as cpm per cell per hour of incubation.
Cell cohesion:
Rotation-mediated cell culture is a useful technique for analysing the mutual cohesive activity of cell membranes quantitatively under controllable, reproducible conditions (Moscona 1961; Kuroda 1974a Kuroda , 1974b . Under constant conditions with a definite number of cells in suspension, the same volume of culture medium, and the same speed of rotation, and the same temperature of cultures on a gyratory shaker, dissociated avian and mammalian cells construct multicellular tissue fabrics which have a characteristic shape, size and internal structure for the particular type of cells.
For examining cell cohesion 3 ml aliquots of cell suspensions, each containing 8 X 104 cells, were put into 25 ml Erlenmeyer flasks and rotated on a gyratory shaker at a constant speed of 70 rpm at 37°C for 24 h. Then the cell clusters in each flask were photographed, and the appearances of the original BHK and variant cell lines were compared.
Pyrimidine
analogues and irradiation: 5-Iodouridine (Kohjin Co., Tokyo), IUdR (Sigma Chemical Co.) and BUdR (Sigma Chemical Co.) were dissolved in dimethyl sulf oxide, and diluted to appropriate concentrations with culture medium or GFT. The solution were then sterilized by passage through a Millipore filter using a Swinney adaptor.
The 5-iodouridine solution in GFT in ice-water mixture was irradiated with r-rays from a 6,000 Ci source of 137Cs at a dose rate of 4 X 104 rads/h, and then incubated with cells for 20 min.
RESULTS
Selection of 5-iodouridine-resistant cells A 5-iodouridine-resistant
cell line was selected as follows. Four inocula of 7.8 x 104 cells from the original BHK cell line in 60-mm plastic petri dishes were treated with 3 x 10-3 M EMS for 2 h at 37°C after pre-incubation in normal medium for 2 h. Then the cells were incubated in normal medium for a mutation expression time of 42 h, and subsequently in medium containing 10-2 M 5-iodouridine.
In the presence of 10-2 M 5-iodouridine most of the cells in the petri dishes became malformed and enlarged. Then they ceased to divide and died after cultivation for a few weeks, but a few cells still survived without apparent proliferation.
When the selective medium was replaced by normal medium, dead cells detached from the surface of the petri dishes were lost with the discarded medium.
The survived cells began to grow again in normal medium and formed a monolayer in the petri dishes. At this time the medium was replaced again by medium containing 10-2 M 5iodouridine.
This cyclic change of the selective medium and the normal medium was repeated three times in 4 weeks without subcultivation.
One month after the onset of cultivation the cells were treated again with 3 x 10-2 M EMS for 2 h at 37°C. After a mutation expression time of 42 h in normal medium, the cells were cultured in medium containing 10-2 M 5-iodouridine.
After this second treatment with EMS a few cells remaining in one petri dish started to grow rapidly in the continuous presence of 10-2 M 5-iodouridine.
The first subcultivation was carried out 6 days after the second treatment with EMS. The 5-iodouridine-resistant cells thus obtained were maintained for five months with regular weekly subcultivations in medium containing 10-2 M 5-iodouridine. Although these cells were not in a clonal origin, it may be derived from a single or a few variant cells remaining after twice treatments with EMS and repeated cyclic selections with 5-iodouridine.
Other attempts to select 5-iodouridine-resistant cells from cultures without EMS treatment or from cultures with clonal colony formation were not successful.
The resistant character in the above variant cells was stably maintained for more than one year during which the cells at the twelfth to thirty-fourth transfer generations were used as the 5-iodouridine-resistant variant cell line in the subsequent experiments.
Effect of 5-iodouridine on colony forming activity The effects of 5-iodouridine at concentrations of 0, 2 x 10-3, 4 X 10-3, 6 X 10-3, 8 X 10-3 and 1 X 10-2 M on the colony-forming activity of the original BHK and 5-iodouridineresistant variant cell line at the twenty-first transfer generation were tested. After cultivation for 9 days in the presence of various concentrations of 5-iodouridine, the number of cell colonies formed were scored and the results are shown in Fig. 1 .
5-Iodouridine had a strong inhibitory effect on the colony-forming
activity of the original BHK cell line at concentrations of 2 X 10-3 to 6 X 10-3 M and with concentrations above 8 X 10--3 M 5-iodouridine no colonies contained more than 50 cells.
The colony-forming activity of the variant cells treated with 2 x 10-3 M 5-iodouri-dine was about 1.5 times that of untreated control cultures. This suggests that at low concentration 5-iodouridine may enhance the colony-forming activity of the variant cell line and that 5-iodouridine may be necessary for growth of the cells. The colonyforming activity of the variant cell line was not significantly affected by 5-iodouridine at concentrations below 6 x 10x3 M. With a concentration of 1 x 10-2 M 5-iodouridine the variant cells still showed 68% of the colony-forming activity of untreated control cultures.
Thus the variant cell line was more resistant to 5-iodouridine than the original BHK cell line.
Effect of I UdR on colony-forming activity
The colony-forming activity of the original and the variant cell line at the twentysecond transfer generation were examined in medium containing 0, 1 x 10-5, 3 x 10^5, 1 x 104 or 3 x 104 M IUdR. Fig. 2 shows that the colony-forming activity of the in 60-mm petri dishes were cultured at 37°C for 9 days in the continuous presence of 5-iodouridine at various concentrations. The number of colonies formed in each dish was counted after fixation and staining.
The surviving fractions were calculated as described in Materials and Methods. A. YOKOIYAMA AND T. KADA original BHK cell line was much reduced in the presence of 1 x 10 M IUdR and that no colonies were formed with concentrations of over 3 X 10 M IUdR. High surviving fractions of the variant cell line were obtained with IUdR at concentrations of up to 3 X 10 M. Thus the variant cell line which was resistant to 5iodouridine and obtained by selection with 5-iodouridine, also showed cross-resistance to IUdR, the deoxy-form of 5-iodouridine.
Effect of BUdR on colony forming activity
The effects of BUdR on the colony-forming activities of the original BHK and variant cell line at the twenty-eighth transfer generation were also tested at concentrations of 0, 1 X 10-7, 3 X 10-', 1 X 10-s, 3 X 10_6 and 1 x 10 M. The results are shown in Fig. 3 .
The colony-forming activity of the original BHK cell line decreased gradually with increase in the concentration of BUdR in the medium. With 3 X 10 M BUdR the surviving fraction was only 1 % of that of untreated control cultures, and with 1 X 10-6 M BUdR no colonies were formed.
The variant cell line also showed a gradual decrease in colony-forming activity with increase in the concentration of BUdR. However, its colony-forming activity was 
Effect of 5-iodouridine on cell growth
The effects of 5-iodouridine on growth of the original BHK and variant cell line at the eighteenth transfer generation were examined by determining the numbers of cells per dish after incubation for 0, 24, 48 and 72 h with 10-2 M 5-iodouridine.
As shown in Fig. 4 , in normal medium the growth rate of the original cell line was higher than that of the variant cell line. The doubling times, calculated from the growth rates in normal medium during the initial 48 h of incubation, were 18 and 48 h for the original and variant cell lines, respectively. The original BHK cell line showed no detectable lag phase in growth in normal medium, and a doubling time of 21 h during the initial 24 h after inoculation, whereas the variant cell line showed a short lag phase and a doubling time of 93 h during the initial 24 h. In the presence of 10-2 M 5-iodouridine the growth rates of the original BHK and variant cell lines decreased markedly and the doubling times of the two cell lines were 35 and 77 h, respectively.
It is interesting that the variant cell line showed a higher growth rate and a shorter doubling time of 48 h in the presence of 5-iodouridine than in the absence of 5-iodouridine during the initial 24 h.
Effect of 20-min treatment with irradiated 5-iodouridine on cell growth The effects of 20-min treatment with irradiated 5-iodouridine in GFT solution on growth of the original BHK and variant cell line at the twenty-second transfer generation were compared. After treatment with irradiated 5-iodouridine the cells were cultured in normal medium at 37°C for various periods and then the total numbers of cells per dish were counted.
The results are shown in Fig. 5 . After 20-min treatment with 3 X 10 M 5-iodouridine or irradiated GFT solution the original BHK cell line showed a similar growth rate to that of untreated control cultures during culture for 6 days. The average doubling time of the cells during 6 days in control cultures and cultures treated with 5-iodouridine and irradiated GFT were all about 31 h and there was no significant difference between the rates in the three cultures.
Growth of the original BHK cell line was greatly reduced during the first 24 h after 20-min treatment with irradiated 5-iodouridine, but it increased to a doubling time of 37 h during the next 5 days.
The variant cell line was affected in a similar way to the original line by 20-min treatment with control GFT solution, GFT solution containing 5-iodouridine or irradiated GFT solution, although the growth rates of the cells during cultivation for 6 days were slightly lower than those of the original BHK cell line and the doubling times after the three treatments were 41, 38 and 40 h, respectively (Fig. 5) . The cell number of the variant cells decreased gradually for 2 days after treatment with irradiated 5-iodouridine solution, but then increased slightly during the next 4 days. These latent period and growth rate of the variant cell line were more severely affected by short-term treatment with irradiated 5-iodouridine than those of the original BHK cell line. The fact that the growth of both lines was only reduced by treatment with irradiated 5-iodouridine solution suggests that some radiation-induced cytotoxic radicals may be responsible for reduction in cell growth.
Distribution of chromosome numbers
The chromosome numbers of metaphase cells of the original BHK cell line and variant cell line at the thirteenth transfer generation were examined. As shown in Fig. 6 , among the 36 cells of the original line examined, 91.7% had hyper-triploid numbers of chromosomes with a modal number of 73 in 58% of the cells. The number of chromosomes in the variant cell line was shifted to a hypo-hexaploid range in 28.6% of the 36 metaphase cells examined, but an unchanged modal number of 73 chromosomes was observed in 42.9% of the cells. These results indicate that some cells of the variant cell line had the same modal number of chromosomes as the original BHK cell line, but that some cells had acquired double this number during cyclic and continuous selections with 5-iodouridine for five months. 
Uptake of 3H TdR
The uptake of 3H-TdR into the cold TCA insoluble fractions of the original BHK and variant cell line at the thirteenth transfer generation were compared.
The results are shown in Table 1 .
Under similar culture conditions for 2 days the original BHK cells grew more rapidly than the variant cells, even though the same number of cells had been inoculated initially in petri dishes.
The preliminary experiments indicated that the incorporation of 3H-TdR into acid insoluble fractions increased linearly in first 3 h in both cell lines. Table 1 indicated that the variant cells incorporated less than half as much 3H-TdR per cell per hour as the original BHK cells .
Morphology and cell cohesion
The original BHK cells were fibroblastic and formed a relatively compact monolayer on plastic petri dishes under the standard conditions employed (Fig. 7A ). The variant cells were more stumpy and had slender cytoplasmic processes. They grew slowly and sparsely, and piled up on each other (Fig. 7B) .
When dissociated cells of the original BHK line were rotated in gyrating flasks for 24 h they did not cohere to each other but remained separate (Fig. 7C ). Under similar conditions the variant cells cohere to each other, forming clusters of several cells (Fig.  7D ). Thus the membrane properties of the variant cells obtained after selection for a long time with 5-iodouridine may be different from those of the original cells.
DISCUSSION
Previously, IUdR-resistant clones were isolated from P388 mouse lymphoma cells by selection with IUdR for 10 days (Fox 1971) . The frequensy of appearance of these resistant clones on selection with 2.8 X 10-5 M IUdR was increased by X-irradiation, but the resistance was not hereditable. BUdR-resistant clones have been isolated from mouse fibroblast line L cells (Littlefield 1963; Kit et al. 1963) , the human cervical carcinoma HeLa S3 (Kit et al. 1966) , the Chinese hamster lung cell line V79 (Roufa et al. 1973) , the Syrian hamster kidney cell line BHK (Caboche 1974), the Syrian hamster sarcoma cell line H-BK (Kuwata et al. 1974) and the haploid frog cell line ICR 2A (Mezger-Freed 1972) . These variant clones with resistance to pyrimidine analogues were isolated by mutagen-treatment and then rather short-term selections with drugs. In contrast, in the present work the variant cell line was obtained by twice treatments with EMS and cyclic and continuous selections for 5 months with 10.2 M 5iodouridine. This is one reason why the variant cell line obtained was highly resistant to 5-iodouridine and why its resistant character was stably maintained for more than one year during which whole experiments in the present work were carried out. It is interesting that this variant cell line with resistance to 5-iodouridine was also resistant to the deoxy-pyrimidine analogues, IUdR and BUdR. This cross-resistance suggests that a common mechanism may be involved in acquisition of resistances to the three drugs.
There are many reports of isolation of variants which are resistant to purine and pyrimidine nucleotide analogues. Most of these resistant variants were found to be deficient in some enzymes in the salvage pathways of purines or pyrimidines.
For instance variants which were resistant to 8AG, 6TG and 6MP were deficient in hypoxanthine-guanine-phosphoribosyl-transferase (EC 2.4.2.8) (Littlefield 1963) , those which were resistant to BUdR, TdR and IUdR were deficient in TdR kinase (EC 2.7.1.21) (Kit et al. 1963; Fox and Anderson 1974) , those which were resistant to adenosine were deficient in adenosine kinase (EC 2.7.1.20) (McBurney and Whitmore 1975) , and those which were resistant to DAP were deficient in AMP-pyrophosphate-phosphoribosyltransferase (EC 2.4.2.7) (Atkins and Gartler 1968). The variant cell line selected by 5-iodouridine in the present work showed less incorporation of TdR into the cold TCA insoluble fractions than the original BHK cell line. This suggests that the resistances of the variant cell line to 5-iodouridine, IUdR and BUdR may be caused by changes in some enzymes involved in the salvage pathway of TdR or an alteration in permeability to those pyrimidine nucleotide analogues. Previously we isolated variant clones from Chinese hamster Don cells after treatment with irradiated 5-iodouridine for 20 min (Kuroda et al. 1975b ). These variant clones were partially resistant to unirradiated 5-iodouridine at lower concentration and slightly resistant to short-term treatment with irradiated 5-iodouridine. The variant cell line obtained in the present work was affected more severely than the original BHK cell line by short treatment with irradiated 5-iodouridine.
This indicates that the resistant cells obtained after continuous selection for a long period with unirradiated 5-iodouridine may differ in nature from those isolated after short-term treatment with irradiated 5-iodouridine.
Some of the cells in the variant cell line had double the chromosome number of the original BHK cell line, although the modal number of their chromosomes was the same as that of the original cell line. This indicates that the variant cell line contained a large proportion of cells with higher ploidy and suggests that their resistant characters may be closely related to changes in chromosome number.
The variant cells also differed in morphology and in mutual cohesion from the original BHK cells. This suggests that the property of their surface membrane may have altered concomitantly with other functional changes, such as that of cell permeability to extracellular substances. Further investigations are in progress on the mechanism of cross-resistance to the three pyrimidine analogues and its relations to alteration in membrane properties.
SUMMARY
A variant cell line was obtained from Syrian hamster BHK 21 (C-13) cells after twice treatments with EMS and cyclic and continuous selections with 10_2 M 5-iodouridine for 5 months.
The colony-forming activity, growth rates in the presence of 5iodouridine, IUdR and BUdR, distribution of chromosome numbers, uptake of 3H-TdR and cell surface properties of the variant cell line were compared with those of the original BHK cell line.
The variant cells were highly resistant to 5-iodouridine and showed cross-resistances to IUdR and BUdR. They grew more slowly and showed a short lag phase in normal medium. They showed a higher growth rate and a shorter doubling time in the presence of 5-iodouridine than in its absence. The variant cells were more severely affected by short-term treatment with irradiated 5-iodouridine than the original BHK cells. Some cells of the variant line had double the chromosome number of the original cells. The variant cells also showed less uptake of 3H-TdR into the cold TCA insoluble fractions than the original cells and differed from the latter in morphology and mutual cohesion. This may be the first observation on the marked cross-resistances of the variant cell line to 5-iodouridine, IUdR and BUdR in cultured mammalian cells.
